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PINS Measurements of Explosive Simulants for Cargo Screening
INTRODUCTION
As part of its efforts to prevent the introduction of explosive threats on commercial flights, the Transportation Security Administration (TSL) is evaluating new explosives detection systems (EDSs) for use in air cargo inspection. The TSL has contracted Battelle to develop a new type of explosives simulant to assist in this development. These are designed to mimic the elemental profile (C, H, N, O, etc.) of explosives as well as their densities. Several "neutron in-gamma out" (n, ) techniques have been considered to quantify the elemental profile in these new simulants and the respective explosives. The method chosen by Battelle is Portable Isotopic Neutron Spectroscopy (PINS) [1], developed by Idaho National Laboratory (INL). Battelle wishes to validate that the simulants behave like the explosive threats with this technology.
Presently, most interrogation of aircraft luggage for bulk explosives is performed with Xray and computed tomography (CT) systems. However, cargo inspection requires the greater penetrating power neutrons or high-energy gamma rays. A variety of high energy photon and (n, ) techniques have been utilized to detect explosives in different settings, aircraft cargo being perhaps the most challenging. Existing X-ray and CT explosives simulants do not match the overall chemical profile (percent C, H, N, O, etc.) of explosives. They often contain extraneous materials (e.g. Fe 2 O 3, SiO 2, and B 4 C) in order to adjust CT number, Effective Average Atomic Number (Z eff ), and density. Many of these added elements (Fe, Si, and B) are not found in explosives. Hence these older explosives simulants are not suitable for neutron or gamma-ray techniques. Their presence may introduce artifacts into the spectrum obtained and could potentially interfere with proper interrogation. Hence there is a need for new simulants to assist the development of neutron-and gamma-based technologies for explosives interrogation. To address this situation Battelle has developed a series of explosives simulants. Battelle initially contracted Van Aken Technologies to develop such a line of explosives simulants. Battelle later developed their own line of explosives simulants using different materials.
Neutron sources and neutron-induced reactions
Gammas rays are produced primarily through two neutron interactions on atomic nuclei. One of these reactions is thermal neutron capture. In this reaction, a low-energy, slow neutron is captured by an atomic nucleus which then immediately emits one or more gamma rays. A second reaction occurs when a more energetic neutron inelastically scatters off of an atomic nucleus, which is left in an excited state. The nucleus then de-excites by gamma-ray emission. The choice of a neutron source in an interrogation system depends on whether thermal capture, inelastic scattering, or both are necessary to observe all of the elements of interest.
Explosives consist primarily of the elements carbon, oxygen, nitrogen, and hydrogen. The elemental capture cross sections for carbon and oxygen are 0.0035 barns and 0.00019 barns respectively. The elemental capture cross sections for hydrogen and nitrogen are 0.33 and 0.0795 barns respectively. Carbon and oxygen seldom react with thermal neutrons and are more likely to react with higher energy neutrons through neutron inelastic scattering. This requires neutrons of energy at least 4.4 MeV in the case of the carbon and 6.13 MeV in the case of oxygen. Hydrogen nuclei cannot be excited by inelastic scattering and can only be detected through thermal neutron capture. The identification of explosives requires both thermal neutrons and neutrons exceeding 6.13 MeV in energy.
The energy distributions of three common neutron sources are shown in Figure 1 . The PINS system usually uses a Californium-252 source to interrogate suspected chemical warfare materiel (CWM). CWM consists of a variety of elements of interest and the large energy distribution of neutrons from 252 Cf spontaneous fission allows excitation of many of these atomic nuclei. Carbon and oxygen are not generally observed in the spectra from 252 Cf based interrogation however. This is due to the relatively low number of higher-energy neutrons produced in 252 Cf fission. Similarly, the 2.5 MeV neutrons produced in a deuterium-deuterium (DD) neutron generator are too low in energy to excite carbon and oxygen.
In order to readily excite carbon and oxygen nuclei, a deuterium-tritium (DT) neutron generator is used. The DT neutron generator consists of a small particle accelerator with target. The particle beam consists of deuterium and tritium ions, which then impinge on a target previously impregnated with deuterium and tritium. Some of these nuclei undergo the fusion reaction below D + T 4 He + n resulting in the production of an alpha particle and a neutron of about 14 MeV in energy. These neutrons readily excite carbon and oxygen nuclei through inelastic scattering. Thermal neutrons are available from some of these higher-energy neutrons slowing down or moderating in surrounding materials and in the test item itself.
EXPERIMENTAL PROCEDURES
The experimental arrangement for measuring both the explosive simulants and their respective explosives was simple, consisting of only one detector, a neutron source, and appropriate shielding. Because the simulants were of relatively small masses for neutron interrogation, they were assessed with both a neutron generator-based and a 252 Cf -based system. This was in order to provide adequate hydrogen and nitrogen excitation without relying heavily on moderation of neutrons within the test samples themselves.
Californium neutron source-based system
The Cf-based PINS system was operated with a 9.4 μg 252 Cf neutron source, producing approximately 20 million neutrons per second. Gamma rays were detected with a high-purity germanium (HPGe) detector of approximately 45% relative efficiency. The HPGe detector was shielded from direct view of the neutron source by two 4 x 4 x 2 inch blocks of tungsten, and a bismuth collimator shielded the detector from background gamma rays produced by neutron interactions in the floor. The 252 Cf source experimental setup is depicted schematically in Figure  2 . 
DT neutron generator-based system.
A DT neutron generator was used as the neutron source for these experiments. The neutron generator can produce approximately 1E+08 n/s, but was operated at an output of approximately 3E+07 n/s In order to reduce the dead time on the data acquisition electronics for the HPGe. The experimental arrangement can be seen in Figure 3 below. The neutron generator was placed in a polyethylene moderator block and the detector was shielded from direct view of the generator and polyethylene by lead bricks. The detector was also shielded from below and above by lead bricks to minimize detection of gamma rays from materials surrounding the experimental setup. 
Operating procedures
For both setups a background spectrum was measured at the beginning of each day. These spectra were used to subtract the portion of the gamma spectrum for a test item that was due to the surrounding materials. Test items were placed in front of the systems and spectra were measured, with intermediate spectra being saved every 1000 live seconds. Replicate measurements of a particular test item were made by stopping the data acquisition, removing or turning off the neutron source, and finally removing and then either replacing the test item or substituting a new one. This resulted in slight geometry changes between replicate measurements.
The explosive simulants for C-4, Semtex 1-A, Detasheet, Black Powder. Z-powder, Blastrite-3, Red Dot, and TNT were all measured with both the 252 Cf based system as well as with the neutron generator system. These measurements occurred at the PINS laboratory in Idaho Falls, ID. The measurements of actual explosives were performed only with the DT generator-based system at the PBF facility of Idaho National Laboratory. 252 Cf is presently unavailable at the PBF facility where live explosives can be used.
The simulants were all of relatively small mass, on the order of 1 kg of test material, whereas much larger masses of explosives were used. The explosives masses were on the order of 5 kg or more in order to obtain better statistics and more thermal neutron flux within the explosive iteself. The only exception to this was the Semtex-1A. There was only approximately 1 kg of this explosive available at INL for testing, comprised of a collection of smaller masses on the order of 50-200 grams.
DATA ANALYSIS
The data for these measurements consisted of gamma-ray spectra for each of the simulants and each of their respective explosives. The spectra were examined for peaks of specific energies, characteristic of particular elements. For example, Figure 4 below shows a segment of the gamma-ray spectrum for C-4. In the spectrum, the 2223 keV peak from thermal neutron capture on hydrogen can be clearly seen. Other peaks of interest are the 6129 keV peak from inelastic scattering off 16 O, the 10.8 Mev peak from thermal neutron capture on 14 N, and the 4439 keV peak from inelastic scattering off 12 C. The 4439 keV peak is shown in Figure 5 . This peak is much broader than others of similar energy due to Doppler broadening of the gamma ray. A final peak of interest in these measurements was the 2230 keV peak from inelastic scattering off 32 S and the 2813 keV peak from inelastic scattering off 39 K. In addition to examining the spectra for the expected peaks from the elements comprising explosives, the spectra from the simulants were examined for additional peaks from elements not expected to be in explosives, such as B, Fe, and Si.
Background Subtraction
In order to determine the areas of peaks of interest, the background spectra had first to be subtracted from those of the test items. These background spectra were of a shorter measurement time than those of either the simulants or explosives. The neutron generator output does vary somewhat over time and the appropriate multiple of the background spectrum to subtract cannot be accurately determined by the ratio of measurement times. Instead the area of a peak in the spectrum that is not expected to be due to the test item is used to determine the correct ratio of background to foreground spectra. In these measurements, the 2614 keV peak from inelastic scattering off lead was used. This gamma ray is expected to be due entirely to the shielding material surrounding the detector, and therefore a good measure of the total neutron generator output during the counting time. Figure 6 shows the hydrogen region of the same spectrum shown in Figure 4 after background subtraction. As can be seen in the figure, the large multiplet of peaks to the left of the hydrogen peak is largely removed after subtraction. This multiplet is due to neutron interactions on the detector itself. Similarly, gamma rays from interactions on the floor or shielding material are also largely removed in the subtraction. 
Peak Areas and Elemental Ratios
Peak areas are determined, after background subtraction, by fitting a peak or set of peaks with gaussian curves over a flat background. The Gauss program, developed at INL [2] , was used to fit peaks. A sample screenshot from the program is shown in Figure 7 , where the same peak from thermal neutron capture on hydrogen is fit with a set of gaussian curves. The peak areas, full widths at half maximum, and uncertainties are reported by the program. The peaks due to neutron interactions on carbon, oxygen, hydrogen, and sulfur were fit in this manner. Nitrogen peak areas were determined differently.
Nitrogen reacts very weakly with fast neutron and weakly with thermal neutrons. The gamma ray peak of interest from thermal neutron capture on nitrogen has an energy of 10.8 MeV. The HPGe detector is inefficient at detecting gamma rays of such high energy, and nitrogen peaks in the explosive and simulant spectra are rarely able to be fit with gaussians due to the poor statistics. Instead, a summing process is used. A nine-channel wide region of the spectrum where the nitrogen peak is expected to be from the energy calibration is summed, as well as separate sums of forty-channel wide regions both higher and lower in energy. The higher and lower energy regions provide the background counts to be subtracted from the nitrogen region. The normalized difference provides the net nitrogen counts. This procedure is also performed on the first escape peak of the nitrogen 10.8 MeV peak in order to obtain better statistics. From the peak areas, elemental ratios can be determined. The elemental ratios described here are ratios of gamma-ray peak areas, not ratios of elemental concentrations or masses within the test items. These ratios are useful in particular for characterizing the responses of materials to the high-energy neutrons produced by a DT generator. The strongest gamma rays that correspond to interactions with hydrogen and nitrogen are due to thermal capture on those elements. The energy distribution of neutrons within an item however is strongly dependent both on the absolute quantity of test material present, as well as its geometry. A sheet of material produces a significantly different neutron-induced gamma response than a sphere of the same material with the same mass. In order to reduce effects of geometry and size, ratios of gamma rays produced by neutron interactions of approximately the same neutron energy are taken. In our measurements we are mostly concerned with the ratios of hydrogen to nitrogen (thermal capture) and carbon to oxygen (inelastic scattering). The neutron-energy thresholds for inelastic scattering off carbon and oxygen are close enough in energy that geometry and mass effects are removed [3] .
The peak areas for the 2223 keV hydrogen peak, the 10829 keV nitrogen peak, and its first escape peak at 10318 keV were obtained from the spectra for all of the explosives and simulants. These peak areas with their associated uncertainties can be found in Appendix A. The hydrogen to nitrogen ratio reported in the next section is the ratio of the hydrogen peak area to the sum of the nitrogen and nitrogen-escape peak areas. The carbon to oxygen ratio reported in the next section is the ratio of the 4439 keV carbon peak to the sum of the 6129 keV oxygen peak and its first excape peak at 5618 keV. The oxygen second escape peak at 5107 keV was not used as it is contaminated by a nitrogen inelastic scattering peak at 5104 keV. In addition to the above peaks, the 2230 keV peak from inelastic scattering off 32 S was also determined for the cases of the black powder and its simulant.
RESULTS
The peak area ratios were divided into two types: those from inalstic scattering and those from thermal neutron capture. The sections below describe the results for each type of ratio.
Inelastic scattering peak area ratios
The table below shows the carbon to oxygen ratios for the explosives and the simulants. As can be seen in the table, there is good agreement between the simulant and explosives for Detasheet, Semtex 1-A, and TNT. The C-4 and Red Dot ratios for the explosives and simulants are within two standard deviations of each other.
The explosive Detagel, was used as a substitute for Blastrite-3. The C/O ratio for the Detagel and the simulated Blastrite-3 are also within two standard deviations of each other. The black powder explosive and simulant have a large disagreement however. Part of this disagreement could be due to the packaging of the simulated black powder. This simulant was in three plastic bottles, although each bottle was less than half full. The plastic could be impacting the overall carbon to oxygen ratio. The explosive black powder was also in plastic bottles, but these bottles were approximately two-thirds full. The Z-Powder explosive and simulant also have strongly disagreeing carbon to oxygen ratios,. Table 2 shows the carbon to sulfur, sulfur to oxygen, and carbon to potassium ratios for the black powder explosive and simulant. As can be seen in the table, the carbon to sulfur ratio for the simulant is approximately a factor of two higher than that of the explosive. The sulfur to oxygen ratios however are in good agreement, and the carbon to potassium ratios are in relatively good agreement.. The discrepancy between the carbon to sulfur and carbon to oxygen ratios between the black powder simulant and explosive indicates that the carbon content of the simulant in its measurement configuration is likely higher than that of the real explosive. This is also indicated by the carbon to potassium ratio. Table 2 . C/S, S/O, and C/K ratios for explosives and simulants.
Thermal neutron capture elemental ratios
As described in previous sections, the primarly elemental ratio for thermal neutron capture is that of hydrogen to nitrogen. These spectra for these ratios were measured with the 252Cf -based system for the simulants in order to obtain better counting statistics on the nitrogen peaks. The ratios for the explosives were determined from the same spectra from which inelastic scattering ratios were obtained. Table 3 shows the hydrogen to nitrogen ratios for both the explosives and their simulants. Some of the explosives measurements resulted in negative peak areas for nitrogen after background subtraction. These values were ignored as being non-physical in determining the average value of the hydrogen to nitrogen ratio, but were included in determining the standard deviation of the average. As can be seen in the table, while there is general agreement between the explosives and their simulants in the hydrogen to nitrogen ratio, the large variance in the ratios among sets of replicate measurements do not allow us to determine whether the simulants accurately represent the true elemental ratios present in the explosives. Even the 252 Cf-based measurements on the simulants showed a high degree of variance among sets of replicate measurements. Nitrogen was detected in all of the 252 Cf-based measurements however. 
Explosive
Spectral overlays
In addition to measuring peak areas and elemental ratios, another method for comparing the simulants with the explosives is to simply overlay spectra and visually examine the differences and similarities between the two. Examples of this can be seen in figures 8, 9 and 10. Figure 8 shows an overlay of the hydrogen region of the spectra for the Red Dot explosive and simulant, figure 9 shows the oxygen region and figure 10 the nitrogen region.
The hydrogen peaks for the explosive and simulant spectra are evident in figure 8. Direct comparisons of peak height inidicate the relative amounts of simulant and explosive more than the fraction of hydrogen in either the simulant or the explosive. The two peaks to the left of the hydrogen peak in the explosive spectrum are present in the background and in all the explosive spectra. Overlays of all the explosive and simulant spectra can be found in Appendix B. The simulants showed all the peaks of key elements that were present in the explosives spectra with the only exception being the Z-powder simulant. The Z-powder explosive showed strong chlorine peaks that were not evident in the simulant. These peaks were also not evident in the background spectra and can be attributed entirely to the explosive itself. 
CONCLUSIONS
As can be seen in the previous section, in general there is relative agreement between the explosive and simulant carbon to oxygen ratios. One major exception to this is for the black powder simulant, which had a significantly higher carbon to oxygen ratio. The carbon to sulfur and carbon to potassium ratios showed similar disagreement between the simulant and explosive, indicating that there might be significantly higher carbon in the black powder simulant as it was configured for measurement. This was also indicated by the agreement between the sulfur to oxygen ratios between the simulant and the explosive. The Z-powder simulant also had significant disagreement with the explosive in its carbon to oxygen ratio, in addition to showing no sign of the strong chlorine peaks present in the explosive.
The hydrogen to nitrogen ratios, although in general agreement between the simulants and the explosives, show a high degree of variance among replicate measurements. This is due to the poor statistics on the nitrogen thermal capture peaks. 
